In this paper, the characteristics of the primary arc and secondary arc on a solar array in low earth orbit (LEO) are investigated. The vacuum plasma environment in LEO has been used to study the primary arc and secondary arc of a high-voltage solar array. Silicon solar cells with rigid substrate specimens are used for the experiment. The series-parallel spacing of the silicon solar cells is 1 mm. The string currents of the solar cells are 0.7 A, 1.5 A and 2 A. The primary arc and secondary arc are photographed by high-speed cameras. The differences between the primary arc and secondary arc are observed. The secondary arc can be observed before the primary arc is extinguished. The primary arc is a single arc when the string current is 0.7 A. Multiple arc columns are accompanied by higher arc current. Two arc columns of the primary arc can be observed at 1.5 A string current and 2 A string current. The multiple primary arc columns are related to higher bias voltage. The threshold for sustained arcing is near 145 V/0.7 A, 105 V/ 1.5 A and 100 V/2 A at 1 mm string gap. Moreover, the transition time of secondary arc formation is analyzed, and found to be about 10-13 μs. The string currents, string voltages and primary arc have no effect on the transition time of the secondary arc formation.
Introduction
Satellite power levels have increased dramatically to respond the demands for greater needs of low earth orbit (LEO) spacecraft nowadays. Satellite operational voltage has also increased to reduce power loss. The bus voltage of LEO spacecraft used to be 28 V or 42 V, and now the bus voltage of LEO spacecraft is up to 100 V or more [1, 2] . The string voltages and string currents of solar arrays have also increased in satellite power systems. The solar array string voltage and string current may exceed 100 V and 1 A, respectively. As a satellite operates on orbit, an inverted potential gradient may develop. An insulator such as cover glass has a higher positive potential than conductors such as solar cells. When the potential between the insulators and conductors exceeds a certain value, electrostatic discharge (ESD) occurs mostly at the triple junction, where the conductor, the insulator and the vacuum meet. This type of discharge is called the primary discharge or primary arc. When the primary arc occurs, the solar cell strings may be shortcircuited by the arc plasma. This type of arc is called the secondary arc. The solar array provides energy to the arc plasma and sustains the arc. The primary arc and the secondary arc are vacuum arcs because they occur in vacuum conditions. There is an increased risk of secondary arcs when the power increases on the satellite. Secondary arcs or sustained arcs increase the risk of problems and may destroy the satellite [3] [4] [5] [6] [7] [8] .
In the past, there were numerous works on primary arcing and secondary arcing. The characteristics of primary arcs, including peak current, pulse width and arc energy, were investigated in [9, 10] . The secondary arc thresholds in terms of string voltage, string current, solar cell type and gap length were reported [11, 12] . Vayer et al [13] investigated the effect of the grouting on the secondary arcing, and cell gaps filled by room-temperature vulcanizing (RTV) silicon adhesive. Bodeau [14, 15] discussed the current and voltage threshold for the secondary arc and secondary arc testing on a solar array diode board, respectively. The effect of external power supplies on secondary arc testing was investigated in [16] . The effect of changing environment on the secondary arc was investigated by Okumura et al [17] . The dependence of the secondary arc occurrence on the magnitude of the primary arc was discussed by Masui et al [18] , and the transition to the secondary arc from the inception of the primary discharge was investigated. In Masui's paper, the transition to the secondary arc is the time interval from inception of the primary arc to inception of the secondary arc, and the detailed formation of the secondary arc is not discussed. The vacuum arcs have been studied numerous times in vacuum circuit breakers [19] [20] [21] [22] [23] ; some of the vacuum arc mechanisms can also be used to explain the arc characteristics.
The modes of the primary arc and secondary arc have been investigated, but the detailed formation of the secondary arc has not been reported on before. The relationship between the primary arc and secondary arc needs further study to understand how the secondary arc is formed and sustained. The transition of secondary arc formation needs study to find the effects of parameters.
In the second section of this paper, the experimental setting is described. In the third section, the results of our experiments and discussion are given. The primary arc characteristics and the secondary characteristics are described (sections 3.1 and 3.2). The relationship between the primary arc and secondary arc is investigated (section 3.2). From this, relations on the ESD, primary arc and secondary arc are obtained. In addition, the transition of secondary arc formation is reported. The transition time of secondary arc formation is the time from secondary arc inception to the stabilization time. The transition time of secondary arc formation in terms of string voltage, string current and primary arc are discussed. In the fourth section, the conclusions are presented and suggestions for future research are provided.
Experimental setting
A schematic diagram of the experimental system is shown in figure 1 . A vacuum chamber 1.5 m in length and 1.3 m in diameter is used. The pressure inside the chamber was approximately 1.0×10 −3 Pa during the experiment. A plasma source (ECR) was mounted in the chamber, and the plasma density was approximately 5×10 11 m
. The plasma source can irradiate plasma energy up to 1.5 eV. The plasma density of the chamber was measured with an electrostatic probe. The test coupon is set in the center of the chamber. A high-speed CCD camera (Phantom v7.1) is used to record the primary arc and secondary arc. The primary arc and secondary arc can be identified by comparing the arc waveforms.
In figure 2 , the external circuit diagram is shown. Two strings of two series-connected cells are used in the experiments. The arc current is measured by current probes, and the coupon potential is measured by a high-voltage probe. The dc power supply I 1 is used to simulate solar array strings for power generation. I 1 provides the string current and is a constant source. The DC voltage source V 2 simulates the commercial solar array gap voltage and is a constant-voltage source. The resistance R L is used to simulate the satellite load. R L is adjusted to achieve the expected voltage between the two solar array strings. The diode D 1 is introduced to protect I 1 . The diodes D 2 and D 3 are used to provide the string current to the arc. The capacitances C 1 , C 2 and C 3 are used to simulate the string capacitance and the face-sheet capacitance. The resistance R 1 simulates the high resistance of the substrate connection to the ground. The DC power supply V b represents the charging potential of a spacecraft body, and it is called bias voltage. The resistance R b is used to isolate the power supply from the circuit. The capacitance C ext simulates the capacitance between the spacecraft body and the plasma in the environment. C ext , L ext and R ext simulate the ESD of the spacecraft. The circuit conditions and the environmental conditions are summarized in table 1.
Three current probes (CPs) are used as shown in figure 2. The probe CP 1 measures the blow-off current provided by the external capacitance C ext . The probes CP 2 and CP 3 measure the string current. The string with higher voltage than the other string is called the hot string (HOT), and the other string is called the return string (RET). The hot string represents solar cells at a positive potential which apart from the spacecraft chassis, and the return string represents solar cells close to the spacecraft chassis. CP 2 measures the hot-in current. The CP 3 measures the hot-out current. The arc current is defined by subtracting the current measured at CP 2 from the current measured at CP 3 .
A photograph of the coupon is shown in figure 3 . Silicon solar cells are laid down on the polyimide sheet. The polyimide sheet covers an aluminum honeycomb. The coupon has two strings made of two cells connected in series. The gap between the two strings of solar cells is 1 mm. The metallic parts are covered as shown in figure 3 , so that primary arcs will occur mostly in the gap. The area which is photographed by the high-speed camera is pointed out with a rectangle. The string on the top side of the coupon is string 1 and is biased at a string potential voltage of 70 V or more. The potential of the string voltage will increase by 10 V after four ESD experiments. The string on the bottom side of the coupon is string 2, and this is the reference side for the voltage bias of string 1.
A Phantom v7.1 high-speed video camera with a speed of 60 000 frames/s and exposure time of 11 μs is used to record the arc appearance.The interval time of the arc appearance photograph is 11 μs in the paper. The test sequence is performed according to table 2.
Experimental results and discussion

Primary arc
Arc appearance and experiment waveforms at 0.7 A string current and 105 V gap voltage are given in figure 4 ; V b is set to 400 V. A bright arc develops according to figure 4(1)(a) , and the blow current is about 5.6 A at this time. A diffuse arc around the arc column, which is marked by a circle, can be observed, as shown in figures 4(1)(b)-(f), and the brightness of the arc reduces with the blow-off current. After this, the brightness of the arc reduces with decreasing current until it is finally extinguished. Figure 4(2) shows the blow-off current, the hot-in current, the hot-out current and the subtract current. As shown in figure 4 (2) the arc occurred on the hot string, and this is indicated by a subtract current which is similar to the blow-off current. From the comparison of the blow-off current and the subtract current, we can identify that the arc is caused by the ESD. The ESD is referred to as a primary discharge, and the arc is a primary arc, which is caused by a primary discharge. The subtract current is the primary arc current in this situation. Figure 5 shows the vacuum arc appearance and the experiment waveforms at 1.5 A string current and 105 V gap voltage. V b is set to 600 V in this experiment. As shown in figure 5(1)(a) , an arc column can be observed and the blow-off current is about 7 A. In figure 5(1)(b) , another arc, which is indicated by a circle, is formed near the arc column at 6.2 A blow-off current, and this can be called a cathode spot. The diffused arc can be also observed in figure 5(1)(b) . The arc spot was extinguished with decreasing blow-off current. In figure 5(2) , the hot-out current decreased slightly after the inception of the primary arc, and it dropped to zero. The primary arc occurred on the hot string, which can be identified by the initial oscillation in the hot current. The charge stored on the capacitor C ext supplied power to the primary arc current, which is used to simulate the capacitor between the spacecraft body and the ambient plasma. The peak of the blow-off current is related to V b , which represents the charging potential of the spacecraft body. From the above results, we can identify that the energy of the primary arc is supplied by the blow-off current.
The blow-off current strongly affects the number of primary arcs in our experiments. The bias voltage affects the peak of the blow-off current. Therefore, it seems that there is a relationship between the arc rates and the number of cathode spots. The multiple arc column phenomena are very similar to the AC vacuum arc. A single arc column can only carry limited current [22] . The average number of arc columns is proportional to the arc current, which is related to the cathode material. This can be used to explain the multiple cathode spots accompanied by high arc current.
The relationship between the primary arc and secondary arc
In section 3.1, the characteristics of the primary arc based on ESD were the focus. In this section, the secondary arc formation and the relationship between the primary arc and secondary arc are discussed. Figure 6 shows the arc appearance and experiment waveforms at 2 A string current and 100 V gap voltage; V b is set to 600 V. According to figures 6(1)(a)-(j), the arc is similar to 5(1)(a)-(j), and it is a primary arc which is caused by ESD. The primary arc was discussed in section 3.1. The primary arc is almost extinguished in figure 6 (1)(k). After this, the arc seems to reignite, and the brightness of arc increases after the reignition shown in figure 6(1)(l) . Only one arc can be observed in figure 6 (1)(l). Figures 6(1)(m)-(r) show that there is negligible variation of the arc brightness. Figure 6 (2) shows the blow-off current, the hot-in current, the hot-out current and the subtract current. The detailed waveform of the arc current is shown in figure 6(3) . The times (a)-(m) in figure 6(3) correspond to figures 6(1)(a)-(m) . In figures 6(3)(a) and (e) we see that there is oscillation in the subtract current, which is the primary arc current. The oscillation of the primary arc current appears along with the multiple arcs according to figures 6(1)(a) and (e). In figures 6(3)(l) and (m) oscillation of the arc current can be observed. At this time, the inception of the secondary arc is shown in figure 6(1)(l) . We can infer that the inception of the secondary arc causes the arc current oscillation. The oscillation of the arc current is the transition phase from the primary arc to the secondary arc, and we call it the transition time of the secondary arc formation. The transition time is about 11 μs, as shown in figure 6(3) . After the transition of the secondary arc, the arc current is about 2 A, which is provided by the power supply I 1 . Furthermore, the arc current shows another oscillation in figure 6(3) . The diminishing and reignition of the secondary arc are observed, and we call this the transition phase from the secondary arc to another secondary arc. The transition time from one secondary arc to the other secondary arc is about 8 μs in this experiment. After this, the secondary arc current is 2 A. The transition time of secondary arc formation is discussed in section 3.3. The threshold voltages of the secondary arc at different string currents are shown in table 2. It has lower threshold voltages at higher string currents. Recent results from coupon tests with 1 mm gap indicate that the thresholds for sustained arcing are near 150 V/0.7 A, 125 V/1.5 A and 100 V/2 A.
The transition time of the secondary arc formation
In section 3.2, the transition time of the secondary arc formation was observed. In this section, the influences of the string current and gap voltage on the transition time of the secondary arc formation are discussed. The secondary arc inception time t 1 is defined as the time when a secondary arc waveform exceeds 10% of the string current I st , as shown in figure 7 . The secondary arc stabilization time t 2 is defined as the time when the secondary arc waveform is the string current I st , as shown in figure 7 . The time difference between t 1 and t 2 is defined as the transition time of the secondary arc formation. Figure 8 shows the transition time of the secondary arc formation at string currents of 0.7 A, 1.5 A and 2 A. In the analysis, all the waveforms of the secondary arc are examined. The transition time of the secondary arc formation is about 10 μs to 13 μs at different string currents, as shown in figure 8 . This may indicate that the string currents have almost no influence on the transition time of the secondary arc formation. The relation of the gap voltage to the transition time of the secondary arc formation is also examined, and it can be inferred that the gap voltage has almost no effect on the secondary arc transition. The transition time of the secondary arc formation and the transition phase from one secondary arc to another secondary arc is compared, and this indicated that the transition time of the secondary arc formation is longer than the transition phase from one secondary arc to the other if another arc formation happened.
The string currents and string voltages have no effect on the transition time of secondary arc formation. Once the gap is short-circuited by the primary arc plasma, the current goes through the secondary arc plasma. It seems that the formation of the secondary plasma depends mostly on how much plasma is generated, not on how much current flows through the secondary plasma. [18] noted that whether a primary arc can become a NSA (non-sustained arc) or TSA (temporary sustained arc) may still depend on how the primary arc plasma was generated. However, there is no particular discussion in that paper. In our experiments, the secondary arc occurs at 400 V and 600 V bias voltage (V b ). This means that the peak, the duration, and the energy of the primary arc current are different. The transition phase of the secondary arc formation is the initial phase of secondary arc generation. The primary arc plasma may provide plasma to the transition phase. However, the transition times of the secondary arc formation are almost the same at 400 V bias voltage and 600 V bias voltage. Therefore, we can infer that the primary arc has almost no effect on the transition time of the secondary arc formation.
In section 3.2, transition from one secondary arc to another is observed. When one secondary arc is generated from another, the transition time is about 8-9 μs in our experiments. This happens three times in our experiments. The time is lower than the transition time of the secondary arc formation. The coupon is heated when the string current flows into the secondary arc plasma. Therefore, the coupon materials are heated as the secondary arc develops. Once a short circuit has disappeared, it is easy to establish another short circuit because of the ohmic heating. Further studies regarding the other parameters, such as environmental conditions and coupon materials, are needed. There are very good methods to control the primary arc at the beginning. By filling the string gap using grouting with RTV, the primary arc can be controlled. The controlled primary arc increases the string current and voltage threshold of the primary arc. If we find methods to control the secondary arc at the beginning, this may raise the string current and voltage threshold of the secondary arc. Understanding the dependence will result in an improvement of solar array design for secondary arc protection.
Conclusion
In this paper, the characteristics of the primary arc and secondary arc on a solar array in low earth orbit have been investigated, and we come to the following conclusions.
The multiple cathode spots of the primary arc are investigated at higher bias voltage. The multiple primary arc columns are accompanied by higher arc current. The bias voltage affects the blow-off current. The number of arc columns has an exponential dependence on the bias voltage.
The threshold for sustained arcing is near 145 V/0.7 A, 105 V/1.5 A and 100 V/2 A at 1 mm string voltage. The inception of the secondary arc is accompanied by the oscillation of arc current. The oscillation of the arc current is the transition phase from the primary arc to secondary arc.
The transition time of secondary arc formation is about 10-13 μs. The string currents and string voltages have no effect on the transition time of the secondary arc formation. The primary arc also has no effect on the transition time of the secondary arc formation. Further studies of the other parameters including environmental conditions and coupon materials on the transition of secondary arc formation are needed.
